Abstract-The Large Hadron Collider at CERN is the largest high-energy particle accelerator in the world. Proton beams are currently collided at an energy of 4 TeV per beam to investigate the fundamental elements of matter. The collider is equipped with a collimation system to ensure that potentially destructive halo particles are absorbed before they hit vulnerable elements. Beam-based alignment of the collimators is required to ensure that they are positioned for maximum cleaning efficiency. The alignment procedure relies on feedback from Beam Loss Monitors, and is currently being automated to speed it up. This paper describes a method for automatically selecting a threshold for the beam loss signal during alignment, based on an empirical analysis of collimator alignment data over one year of operation. The results achieved with threshold selection during alignments at 4 TeV are presented.
I. INTRODUCTION
The Large Hadron Collider (LHC) at CERN commenced operations in 2008. It is designed to accelerate two proton or heavy ion beams to approach the speed of light, before colliding them in four points where the experimental detectors are located [1] . Each beam is composed of 2808 bunches with 1.15 × 10 11 particles per bunch. The particles are normally distributed in the transverse plane, and the tails or halo regions are populated by dynamic processes, such as intra-beam scattering and diffusion. The halo particles can damage or irradiate machine components if they are not removed from circulation.
For these reasons, a collimation system consisting of 86 movable collimators is in place to scatter and absorb halo particles, thus protecting the LHC [2] . Each collimator is made up of two blocks or 'jaws' of carbon or tungsten material, whose length may be 0.6 m or 1.0 m depending on the collimator type. A photograph of a collimator prior to installation in the LHC is shown in Fig. 1 . The collimator jaws need to be positioned symmetrically on either side of the beam and in parallel to the beam direction to be able to remove halo particles with maximum efficiency.
The symmetric jaw positions can be calculated if the beam centers at each collimator location are known. If the jaws are moved in small steps (typically 5 μm) until they touch the beam halo on both sides, the beam center can be calculated as the average of the two aligned jaw positions. When the jaw touches the beam, a loss spike is observed in the signal of a Beam Loss Monitor (BLM) downstream of the collimator.
As part of efforts to automate and reduce the time required for an alignment of all 86 collimators, a BLM feedback loop was developed, whereby the jaws are moved in automatically until a pre-defined BLM signal threshold is exceeded [3] . The threshold must be set at the right level: if it is too high, the jaw scrapes excessive beam away, and the beam is possibly dumped due to the ensuing high losses. If the threshold is set too low, the jaw stops prematurely and errors are introduced in determining the beam centers.
Approximately 3600 BLM ionization chambers are installed around the LHC ring to detect ionizing radiation deriving from particle losses [4] , [5] . Figure 2 BLM without its external casing, while an example of a BLM installation in the LHC tunnel is shown in Fig. 2(b) . BLMs are also placed within a few meters downstream of the collimators to detect beam losses resulting from halo particles impacting with the collimator jaws.
The ionizing radiation readings, measured in units of Gy, induce a current which is integrated over 12 periods of time [6] . The integration time periods or running sums range from 40 μs to 84 s. As the collimators form part of a multiturn and multi-stage cleaning system, the 1.3 s running sum is used to analyze its performance, as it contains information about steady-state losses over hundreds of turns. The BLM data with this running sum can be acquired at a rate of 1 Hz.
In signal processing, amplitude thresholds are set to automatically identify regions of interest from noise. They are often used as a spike detection technique. An example of such a technique is presented in [7] , where the threshold is calculated as a multiple of the estimated noise level in the signal. Automatic selection of the BLM signal threshold during collimator alignment would contribute greatly to automating the procedure even further. This paper is organized as follows. The second section presents the typical BLM signal patterns encountered during LHC collimator alignment. Section III describes the data analysis performed on the BLM signals and thresholds acquired from alignment campaigns held in 2011. The implementation of the thresholding technique in the Java collimator alignment application and results from alignments in 2012 are presented in Section IV. 
II. BLM SIGNALS DURING COLLIMATOR ALIGNMENT
When beam is present in the LHC, the BLM signals are generally steady-state, indicating a constant removal of halo particles by the collimators. As soon as a jaw touches the edge of the beam, which normally occurs at ∼4 σ, a spike is observed in the BLM signal. The spike amplitude is proportional to the proximity of the jaw to the beam center, and generally ranges from 1×10 −6 Gy/s and 1×10 −4 Gy/s. The decay time increases with the beam energy [8] , and is typically 3 to 20 seconds.
A typical example of such as spike is provided in Fig. 3 . Once the spike has decayed, the steady-state signal is generally higher than it was before the spike. This reflects the fact that the collimator jaw is now closer to the beam center, and is therefore scraping away more halo particles than previously.
III. DATA ANALYSIS
In the 2011 LHC run, four major alignment campaigns were carried out using the semi-automatic alignment tool [3] to determine the beam centers at the collimators during different parts of the LHC machine cycle. The alignments are performed at 450 GeV (injection energy), 3.5 TeV flat top, 3.5 TeV after the beam size is reduced (squeezed) in the experimental points and at 3.5 TeV with the beams in collisions. The thresholds at the start of each repetitive jaw movement towards the beam were input manually by the operator. This provides a lot of training data which can be exploited when attempting to find an automatic technique for setting the threshold.
When setting the threshold at time t = 0, the operator generally gives more importance to the most recent values (BLM t=−5 to BLM t=0 ), but must also consider values up to BLM t=−19 . This is because a spike occurring previously might still be decaying back to a steady-state value, although a fixed waiting period of ∼10 seconds is enforced before moving the same or another jaw. Mathematically, the assignment of different priorities to the data depending on their occurrence in time can be expressed by means of the exponentially weighted moving average (EWMA), which is given as follows for a 20 second window:
A total of 475 samples of the steady-state BLM signal in 20 second windows and the subsequent correct threshold set by the operator (training threshold) were extracted from the logged data. Two examples of BLM signal windows and the corresponding EWMA and threshold are shown in Table I . In the first example, the signal is stable at ∼ 1.00 × 10 −6 Gy/s, while in the second example, the window includes part of the temporal decay of a previous loss spike. The larger weights were assigned to the most recent values.
If the training thresholds are plotted as a function of the EWMA, a power fit can be applied to the data as shown in Fig. 4 . The fit is made using the Ezyfit MATLAB tool [9] , which uses MATLAB's built-in fminsearch function based on the Nelder-Mead method. There is a correlation coefficient of 0.96611 between the measured data and the fit. The training thresholds are discrete as the operators could select from a drop-down menu with a list of pre-determined thresholds to speed up the alignment [3] . The threshold set at the start of each jaw movement can therefore be calculated as:
The maximum threshold that can be set is fixed at 1×10
−4
Gy/s, which is an order of magnitude below the BLM dump thresholds. As the alignment generally takes place at 3.5 to 4 σ from the beam center, the steady-state BLM signal ranges from 5 × 10 −7 to 8 × 10 −5 , and hence the maximum threshold should rarely be reached.
IV. RESULTS
The BLM signal threshold selection function in Eq. (2) was implemented into the top-level Java collimator control application [10] . Testing was carried out during alignments held in March 2012. A plot showing the synchronized BLM signal, calculated threshold and collimator jaw gap is given in Fig. 5 . The data is taken from an alignment of a primary collimator (TCP) at 4 TeV flat top. The jaw gap is plotted, rather than the individual jaw positions, to give a clearer picture of the small jaw movements. During the tests, no time-consuming beam dumps were triggered due to high losses, which confirms the effectiveness of the loss threshold function. 
V. CONCLUSION
In the LHC, a beam cleaning system composed of collimators removes potentially destructive halo particles before they can reach crucial machine elements, such as the superconducting magnets. The cleaning efficiency depends on the correct positioning of the collimator jaws with respect to the beam. The jaw positions are determined via beam-based alignment, and the software tool used to remotely control the LHC collimators is being improved to automate and speed up the alignment procedure. The alignment relies on feedback from Beam Loss Monitors to determine whether the jaw has touched the beam. This paper presented a technique for automatically selecting a loss threshold, to ensure that the jaw stops at the precise moment when it touches the beam. The threshold was previously set manually, and hence an abundance of training data is available. A model was developed, based on the exponentially weighted moving average of the BLM data. The model allows the threshold to be calculated at the start of each jaw movement via a simple relation.
